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TO THE EDITOR
Hair follicle (HF) morphogenesis is
governed by a series of signals
exchanged between the epidermal
keratinocytes committed to HF-specific
differentiation and the mesenchymal
cells forming the follicular papilla
(Schmidt-Ullrich and Paus, 2005).
These interactions lead to the construc-
tion of the hair bulb, in which
keratinocytes rapidly proliferate and
differentiate into several cell popula-
tions forming the hair shaft and the
inner root sheath. During the final steps
of development, the HF elongates up to
its maximal length and the hair shaft
emerges through the epidermis through
the hair canal that is formed at the
distal portion of the HF epithelium
(Schmidt-Ullrich and Paus, 2005).
Morphologically, the hair or pilary
canal is considered as a continuation of
the hair germ upward into the epider-
mis and its formation begins at stage 3
of HF morphogenesis, when the epi-
dermal cells above the HF become
oriented perpendicularly to the surface
of the skin (Pinkus, 1958). During
stages 4–6 of HF development, these
cells keratinized and form a central
core surrounded by a tubular layer of
epithelial cells inside the epidermis
and HF infundibulum (Hashimoto,
1970). Finally, the center of the kerati-
nized tissue in a lumen of the hair canal
is eliminated by the tip of the emerging
hair (stages 7–8 of development)
(Breathnach, 1971).
Despite the advances in identi-
fication of the molecular signaling/
transcription networks that govern the
development of the skin (Schmidt-
Ullrich and Paus, 2005), the mecha-
nisms controlling the epithelial tissue
remodeling during hair canal formation
remain unclear. It has been long appre-
ciated that matrix metalloproteinases
(MMPs) and their inhibitors are invol-
ved in tissue remodeling during deve-
lopment (Mott and Werb, 2004).
MMP-9 (gelatinase B) is involved in
the degradation of extracellular matrix
and/or modulation of growth factor
signaling during development (Mott
and Werb, 2004). MMP-9 activity is
present in the culture medium contain-
ing explants of developing HFs (Obana
et al., 1996), as well as in normal
adult mouse skin with actively growing
(anagen) HFs (Paus et al., 1994). In
human anagen HFs, MMP-9 is expres-
sed in the Henle’s layer of the inner root
sheath (Jarrousse et al., 2001).
To elucidate a role for MMP-9 in
the control of HF development and
hair canal formation, its expression
was studied by immunohistochemistry
in cryosections of embryonic and post-
natal skin of C57BL/6 mice (Sharov
et al., 2003), and was correlated to the
micro-anatomy of the developing hair
canal depicted by high-resolution light
microscopy, as described previously
(Magerl et al., 2001). MMP-9 expres-
sion was not observed in the epidermis
and developing HF placodes (Figure 1a
and b). Starting from E17.5, single
MMP-9þ cells became visible in the
central part of the intraepidermal hair
canal (stage 3 of HF morphogenesis;
Figure 1c and d). In stages 4–6 HFs,
the number of MMP-9þ cells increased
in central portion of the hair canal,
in which walls showed appearance of
the trichohyalin granules, whereas the
other HF compartments did not show
any detectable MMP-9 immunoreacti-
vity (Figure 1e and f). During final
stages of HF development (stages 7
and 8), MMP9þ cells disappeared from
the hair canal and were visible only in
the dermis (Figure 1g and h).
To further define the functions of
MMP-9 in hair canal formation, we
compared the dynamics of HF deve-
lopment between wild-type (n¼5) and
MMP-9/ mice (n¼7) at postnatal day
4.5 (P4.5). It was shown previously that
MMP-9 knockout mice are character-
ized by the defects in ossification and
angiogenesis, delayed wound healing,
and are resistant to experimentally
induced bullous pemphigoid (Liu
et al., 1998; Vu et al., 1998; Kyriakides
et al., 2009). Consistently with the
expression pattern for MMP-9 in the
developing skin (Figure 1), histomor-
phometric analyses of the early post-
natal skin showed significant (Po0.05)
retardation of the hair shaft emergence
through the epidermis in MMP-9/
mice versus wild-type controls
(Figure 2a). Despite apparently normal
earlier stages of HF development and
skin morphology, MMP-9/ mice
showed significant (Po0.05) increase
in a number of stage 7 HFs in which
hair shaft was retained inside the hair
canal versus the age-matched wild-type
mice that showed the increased number
of stage 8 HFs and more rapid hair
shaft appearance at the skin surface
(Figure 2b and c). In addition to these
differences, the width of the hair canal
determined as a distance between the
internal surfaces of its walls and used as
an important parameter of the dynamics
of its formation was significantly
(Po0.05) decreased in MMP-9/ mice
compared to wild-type mice (Figure
2d–f).
These data suggest that MMP-9
is important in the extracellular
matrix remodeling during hair canal
formation. It degrades the denatured
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collagens (gelatin) as well as can cleave
native type IV, V, and XI collagens,
elastin, and a number of other
molecules (Nothnick, 2008). By active
extracellular matrix remodeling, MMP-
9 expressed in the central part of the
hair canal may promote the formation
of the initial lumen, thus preparing the
hair canal for the hair shaft emergence
Figure 1. MMP-9 is expressed in the hair canal of developing hair follicles. Samples of embryonic and early postnatal mouse skin were prepared for high-
resolution light microscopy, as described previously (Magerl et al., 2001). Cryosections of embryonic and early postnatal mouse back skin were immunostained
with primary antibodies against MMP-9 (1:100; Chemicon, Temecula, CA) and secondary TRITC-labeled goat-anti-rabbit IgG (1:200; Jackson ImmunoResearch,
West Grove, PA). Border between the epidermis or HF and dermis in a–f is depicted by the dotted line. Nuclei were counterstained by DAPI (b, d, f, and h). Scale
bars¼ 50 mm. (a and b) E16.5 (stage 1 of HF morphogenesis). Cells in the suprabasal layer of the epidermis above the follicular placode show no spaces between
each other (a, inset, arrows). Lack of MMP-9 expression in the epidermis and hair follicle placode (b). (c and d) E17.5 (stage 3 of HF morphogenesis). Formation
of spaces between the cells located in the intraepidermal part of the developing hair canal show (c, inset, arrows) and appearance of single MMP-9þ cells in the
central part of the hair canal (d, inset, arrow). (e and f) P0.5 (stage 6 of HF morphogenesis). Appearance of trichohyalin granules in the lateral parts of the
developing hair canal and lumen in its central portion (e, inset, arrow). Increase of MMP-9 immunoreactivity in the central part of the hair canal (f, inset, arrow).
(g and h) P4.5 (stage 8 of morphogenesis). Hair shaft in the fully developed hair canal (g, inset, arrow). Lack of MMP-9 immunoreactivity in the walls of the
hair canal (h, large arrow). Single MMP9þ cells are seen in the dermis (h, small arrow). HF, hair follicle, MMP-9, matrix metalloproteinase-9.
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and preventing its walls from a damage
induced by the growing hair fiber.
However, it is unclear whether other
MMPs, such as MMP-2 (Karelina et al.,
2000), may compensate or modulate the
effects of MMP-9 on hair canal formation.
Also, the mechanisms controlling the
expression of MMP-9 during hair canal
formation in mice remain to be clarified.
In other cell types, MMP-9 expression is
regulated by the Wnt, TGF-b/BMP, HGF,
and EGF signaling pathways (Nothnick,
2008). These signaling pathways also
serve as key regulators of HF develop-
ment (Schmidt-Ullrich and Paus, 2005),
which suggests a possibility for their
involvement in the control of MMP-9
expression in a subset of keratinocytes
that specify the hair canal areas in the
epidermis. Future research in this direc-
tion will help in further understanding the
roles of MMP-9 and other MMPs in the
control of extracellular matrix remodeling
in the developing skin, as well as in esta-
blishing the molecular signaling networks
that underlie the complex programs of
skin appendage morphogenesis.
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Figure 2. Retardation of hair shaft emergence through the epidermis in MMP-9 knockout mice. Dorsal skin of MMP-9 knockout(/) and wild-type mice was
collected at P4.5 and processed for histoenzymatic detection of alkaline phosphatase and histomorphometry. At least 400 hair follicles were analyzed in skin
cryosections of wild-type mice (n¼ 5) and MMP-9 knockout mice (n¼7). (a) Decrease in number of stage 8 hair follicles and increase of stage 7 hair follicles in
the skin of MMP-9 knockout versus wild-type mice (*Po0.05, Student’s t-test). (b and c) Appearance of the hair fibers at the skin surface in wild-type mice (b,
arrows) and retention of the hair shafts in the follicular infundibulum in MMP-9 knockout mice (c, arrows). Insets show high magnification of the labeled areas.
Scale bars¼ 50 mm. (d) Decrease of the width of the hair canal in MMP-9/ mice versus wild-type mice (Po0.05, Student’s t-test). Width of the hair canal was
determined as a distance between two trichohylain layers at the internal surfaces of its walls at the level of the angle between the epidermis and follicular
infundibulum. (e and f) Hair shaft inside the fully developed hair canal in wild-type skin (e, large and small arrows, respectively). Retention of the hair shaft at the
intrainfundibular part of the hair canal and decrease of the hair canal width in MMP-9/ mice (f, large and small arrows, respectively). Scale bars¼ 50 mm.
MMP-9, matrix metalloproteinase-9.
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TO THE EDITOR
Oculocutaneous albinism (OCA) refers
to a heterogeneous group of autosomal
recessive disorders that are charac-
terized by hypopigmentation of the
skin, hair, and eyes and associated with
developmental eye defects. Because
OCA is a major cause of childhood
blindness in India, containing it is
crucial. Methods of doing so include
identification of molecular lesions,
detection of carriers, and premarriage
genetic counseling; however, the avail-
able genetic information is limited.
We previously reported that OCA1,
which is caused by defects in tyrosinase
(TYR, 11q14-q21, MIM606933), is the
major OCA subtype in India (Chaki
et al., 2006). Here, we report the
characterization of 11 unrelated OCA1
patients bearing nine different TYR
mutations (c.655G4A, p.Glu219Lys;
c.832C4T, p.Arg278Stop; c.976C4T,
p.Gln326Stop; c.1037G4T, p.Gly346Val;
c.1265G4A, p.Arg422Gln; c.1379delTT;
Deletion 30TYR; c.530T4A, p.Val177Asp;
c.1299C4G, p.Tyr433Stop) (Supple-
mentary Table S1 online). To our
knowledge, the last two of these were
previously unreported. Both mutations
were identified in 10 patients, but in
one patient a single TYR mutation
was detected despite analyzing the
entire coding region, untranslated
regions, the putative locus control
region core, and the promoter contain-
ing a complex GA-repeat having the
potential to induce DNA secondary
structure (Ray et al., 2007). In addition,
no causal variant was identified in
other known OCA loci in this patient
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Figure 1. Functional characterization of mutant TYRs revealed ER retention as the cause of the loss of
enzyme function. (a) The enzymatic activity (tyrosinase hydroxylase and DOPA oxidase) of wild-type
(WT) TYR is represented as 100%, and all the mutants showed complete lack of enzyme activity.
(b) On zymogram assay, the DOPA-melanin band is visible only for WT protein. (c) The immunoblots
of EndoH-untreated (EndoH) and -treated (þ EndoH) cell lysates for WT and mutant TYRs. Only
EndoH-treated WT TYR shows a distinct EndoH-resistant form, as represented by the lower-mobility
band (marked by an arrow) along with an EndoH-sensitive higher-mobility band, whereas all the
mutants show only the EndoH-sensitive higher-mobility band. DOPA, L-3,4-dihydroxyphenylalanine;
EndoH, endoglycosidase H; ER, endoplasmic reticulum; TYR, tyrosinase.
Abbreviations: EndoH, endoglycosidase H; ER, endoplasmic reticulum; L-DOPA, L-3,4-
dihydroxyphenylalanine; OCA, oculocutaneous albinism; TYR, tyrosinase
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